v" To investigate the alteration of endothelium-dependent responses in chronic vasospasm after subarachnoid hemorrhage (SAH), experiments were carried out in the double-hemorrhage canine model. After the presence of vasospasm was confirmed by cerebral angiography on Days 0 and 7, pharmacological studies on the basilar artery were conducted in vitro on Day 8. In the SAH group, endothelium-dependent relaxation was abolished in response to arginine vasopressin and was significantly reduced in response to thrombin. Endotheliumindependent relaxation in the SAH group was preserved in response to papaverine and was minimally reduced in response to sodium nitroprusside. Endothelium-dependent contraction in response to arachidonic acid, acetylcholine, the calcium ionophore A23187, adenosine diphosphate, mechanical stretching, and hypoxia persisted in the SAH group. The maximal contraction to KC1 and uridine triphosphate, which is endotheliumindependent, was diminished in the SAH group, but no changes in sensitivity were noted in the concentrationresponse relationships. A significant correlation was observed between the degree of vasospasm determined angiographically and the loss of endothelium-dependent relaxation. The loss of endothelium-dependent relaxation and the persistence of endothelium-dependent contraction suggest that the deterioration in the endothelium-dependent responses may be an important component in the pathogenesis of cerebral vasospasm.
FIG. 1. Concentration-response curve of arginine vasopressin in canine basilar arteries with and without endothelium. The arterial rings were first contracted with the individual 50% effective dose (EDso) of uridine triphosphate (UTP). The relaxations are expressed as a percentage of the maximal response to papaverine. In the control groups, concentrationdependent relaxations were observed in rings with endothelium but not in those without. The relaxation was abolished in the subarachnoid hemorrhage (SAH) group (p < 0.0025) at vasopressin doses of 10 -9, 10 -8, and 10 -7 M. The rings without endothelium from the SAH group reacted with a statistically significant increase in tension (p < 0.01) at vasopressin doses o f 10 -9 and 10 -7 M. Values shown are mean _ standard error of the mean for 16 specimens, two rings from each of eight animals.
contraction in cerebral arteries during experimental chronic vasospasm. The results of these studies are presented in this report.
Materials and Methods

Animal Model
Sixteen mongrel dogs of either sex, each weighing 15 to 25 kg, were used for these studies. The doublehemorrhage canine model was employed since it allows reliable reproduction of chronic vasospasm as determined by angiography and histological changes involving the endothelium. 18.32 Details of the routine surgical procedures followed have been described elsewhere. 34 Animals were randomly divided into two groups. In the SAH group (eight dogs), with the animals under general anesthesia (thiopental 15 mg/kg and pentobarbital 15 to 25 mg/kg, intravenously) and controlled ventilation, a transfemoral angiogram of the basilar artery was obtained with injections of iothalamate meglumine (Conray 60%). Subsequently, 5 ml of autologous venous blood was injected percutaneously into the cisterna magna. Two days later (Day 2), the injection of venous blood into the cisterna magna was repeated under general anesthesia. On Day 7, angiography was repeated with the animals under anesthesia and controlled ventilation, to confirm the presence of vasospasm. During the two angiography procedures, arterial blood gas was monitored to ensure that there was no significant variation. In the control group (eight dogs), the animals underwent only the two angiography procedures, following the same schedule. On Day 8, animals in both groups were euthanized with an intrave-P. Kim, T. M. Sundt, Jr., and P. M. Vanhoutte nous dose of sodium pentobarbital (30 mg/kg) followed by exsanguination. The brain and the cervical cord were dissected free. Under a stereomicroscope, the basilar artery was separated from the subarachnoid clot and the brain stem, and was cut into rings (about 4 m m long). The procedures used in this study have been approved by the Institutional Animal Care and Use Committee of the Mayo Foundation.
Analysis of Angiograms
To quantitate the degree of vasospasm, the dimensions of the basilar arteries were measured under • 4 magnification on the angiogram using a computerconnected angiogram digitizing table. 22
In Vitro Studies
Arterial rings were prepared in order from the proximal portion to the distal portion of the basilar artery. In alternate rings, the endothelium was mechanically removed by gentle rubbing of the intimal surface with a stainless steel wire. 16 Pharmacological experiments were carried out on pairs of adjacent rings (with and without endothelium), to minimize the possible effect of uneven distribution of the blood clot along the artery. Each ring was connected to an isometric force transducer* with two triangular stainless steel wire stirrups (No. 0.35) inserted in the lumen, and suspended at a temperature of 37"C in an organ chamber filled with modified Krebs-Ringer bicarbonate solution (millimolar composition: NaCI 118.3, KC1 4.7, CaC12 2.5, MgSO4 1.2, KH2PO4 1.2, NaHCO3 25.0, calcium ethylenediaminetetra-acetic acid 0.026, glucose 11,1) (control solution) bubbled with a 95% 02/5% CO~ gas mixture except when hypoxia (95% N2/5% CO2) was induced. The rings cut from the basilar artery were equilibrated for 30 minutes at a length where the tension was 100 mg. This length is referred to as the "initial length." The rings were then placed at the optimal point of their length-tension relationship, using a standard concentration of uridine 5'-triphosphate (UTP) (10 -5 M) . ~5 The length of stretching required to reach the optimal point from the initial length was significantly shorter in the SAH group. In arterial rings with endothelium, the mean stretch required was 0.8 _ 0.03 m m (+ standard error of the mean (SEM)) for 32 rings from the SAH group, and 1.2 __+ 0.04 m m for 32 rings from the control group. In rings without endothelium, the stretch required was 0.8 + 0.04 m m for 32 rings from the SAH group and 1.4 _+ 0.05 m m for 32 rings from the control group. The individual 50% effective dose (EDso) for U T P was determined in each ring by obtaining a full concentration-response c u r v e (10 -9 to 10 -3 M) for the agonist.
In arterial rings in which responses to mechanical stretching were measured, the initial length was resumed after the optimal length was determined and the * Isometric force transducer, Model UC-2, manufactured by Gould, Inc., Cleveland, Ohio. rings were equilibrated for 30 minutes. The rings were then stretched to the optimal length over 3 seconds, and the subsequent generation of contractile force was recorded. ~ ~
Drugs
The drugs used were as follows: acetylcholine chloride, adenosine diphosphate, arachidonic acid, arginine vasopressin, bovine thrombin, calcium ionophore A23187, 5-hydroxytryptamine (serotonin, creatinine sulfate complex), papaverine hydrochloride, sodium nitroprusside, and UTP. The stock solution of A23187 (10 -6 
Experimental Protocols
Pairs of arterial rings with and without endothelium were assigned to one of four protocols consisting of two to five concentration-response curves to different drugs in a Latin-square design. Between each concentrationresponse curve determination, 30 minutes of incubation time was allowed. The four protocols were as follows.
ProtocolA. Concentration-response curves obtained with 1) arginine vasopressin (10 -~ to 10 -7 M: during contraction to the EDso of UTP) followed by papaverine (3 x 10 -4 M); 2) acetylcholine (10 -9 to 10 -4 M); 3) hypoxia; and 4) A23187 (10 -9 to 10 -6 M).
Protocol B. Concentration-response curves obtained with 1) serotonin (10 -9 to 10 -4 M); 2) papaverine (10 -9 to 3 • 10 -4 M: during contraction to the EDs0 of UTP); and 3) arachidonic acid (10 -9 to 10 -5 M).
Protocol C. Concentration-response curves obtained with 1) arginine vasopressin (10 -~1 to 10 -7 M: during contraction to the EDso of UTP) followed by papaverine (3 x 10 -4 M); 2) adenosine diphosphate (10 -9 to 10 -4 M); 3) mechanical stretching; and 4) thrombin (0.001 to 10 iz/ml: during contraction to the EDs0 of UTP) followed by papaverine (3 • 10 -4 M).
Protocol D. Concentration-response curves obtained with 1) sodium nitroprusside (10 -9 to l0 -4 M: during contraction to the EDso of UTP) followed by papaverine (3 x 10 -4 M); and 2) KC1 (5 to 80 mM).
Data Analysis
The data are expressed as means _ SEM. Relaxations in arterial rings contracted with U T P are expressed as percent changes of the maximal relaxation in response to papaverine (3 • 10 -4 M) . Maximal responses to U T P and KCI were compared in the two groups. In rings with endothelium, there was no significant difference between the maximal contraction in response to KCI and that to UTP, either in the control or the SAH group. In rings without endothelium, the maximal re- sponse to U T P was larger than that to KC1. Comparing the ratio of the maximal response to U T P with that to KC1, there was no difference between the two groups in rings with or without endothelium. Therefore, unless otherwise specified, contractions in quiescent rings were expressed as percent changes of the maximal response to UTP. Statistical comparisons between groups were made using Student's t-test for paired or unpaired comparisons. P values smaller than 0.05 were considered to be statistically significant. For the nonparametric correlation analysis, Spearman's rank test was used.
Results
Angiography
In specimens from the eight SAH dogs, the mean cross-sectional area of the basilar artery (30-to 50-mm segments) measured on Day 7 was significantly reduced to 37% _+ 6.3% of that observed on Day 0. In specimens from the eight control dogs, the m e a n arterial crosssectional area on Day 7 was 100.8% + 7.9% over that on Day 0.
Endothelium-Dependent Relaxation
In the control group, the arterial rings with endothelium, contracted with UTP, relaxed in response to vasopressin in a concentration-dependent manner; this was not observed in the rings without endothelium (Fig.  l) . In the SAH group, no endothelium-dependent relaxation was noted; instead, a slight but significant increase in tension was observed in the rings without endothelium. The relationship between the responses to vasopressin and angiographic narrowing is shown in Fig. 2. FIG. 3 . Responses of the canine basilar arteries (with and without endothelium) to thrombin. The rings were contracted with the 50% effective dose (EDs0) of uridine triphosphate (UTP). Relaxation is expressed as a percentage of the maximal response to papaverine. In the control groups, thrombin caused transient but concentration-dependent relaxation in arterial rings with endothelium, but not in those without. In the subarachnoid hemorrhage (SAH) group, the endotheliumdependent relaxation was significantly less (p < 0.005) at thrombin doses of 0.01, 0.1, and 10 t,/ml. Values shown are the mean _+ standard error of the mean for eight animals.
In the SAH group, the rank-correlation coefficient of Spearman (rs) was 0.73, indicating a significant correlation, whereas no such correlation was observed in the control group (rs = 0.012).
In the control group, thrombin caused transient concentration-and endothelium-dependent relaxation. The response was significantly reduced in rings from the SAH group (Fig. 3) .
Endothelium-Independent Relaxation
All endothelium-independent relaxation experiments were performed on arterial tings without endothelium. In both the SAH and control groups, sodium nitroprusside caused concentration-dependent relaxation. A significant reduction of the relaxation was observed in the SAH group compared to the control group (Fig. 4 left). Papaverine caused a similar concentration-dependent relaxation in the rings from the control and the SAH animals (Fig. 4 right) .
Endothelium-Dependent Contractions
Acetylcholine caused contractions in the arterial tings with endothelium but not in those without, and these contractions were similar in the control and the SAH groups (Fig. 5) . Arachidonic acid caused endotheliumdependent contractions that were not significantly different in the control and the SAH groups (Fig. 6 ). In the rings without endothelium, arachidonic acid caused a small relaxation in the control group, whereas contractions were observed in the SAH group (Fig. 6) . The difference was statistically significant.
In the control group, adenosine diphosphate elicited concentration-dependent contraction in the arterial rings with endothelium, but not in those without. The endothelium-dependent contraction was comparable between the two groups (Fig. 6 ). In the rings without endothelium, relaxation was observed in the control group; however, the findings were significantly different in the SAH group which showed contraction (Fig. 6) .
In the control group, A23187 caused concentrationdependent contraction in arterial rings with endothelium; this response was significantly smaller in rings from the SAH group (Fig. 6) . In rings without endothelium, a relaxation was observed in the control group, but a significant difference was seen in the SAH group which showed contraction (Fig. 6) .
Changing the gas mixture aerating the bath solution from 95% O2/5% CO2 to 95% N J 5 % CO2 caused contraction in arterial rings with endothelium, but not in those without. N o significant differences were seen in the endothelium-dependent responses between the control and the SAH groups (Fig. 7) .
Rapid mechanical stretching caused subsequent endothelium-dependent contraction (Fig. 8) Contractions are expressed as a percentage of the maximal response to uridine triphosphate (UTP). In the control group, the contractions were observed only in rings with endothelium. The endothelium-dependent contractions were maintained in the subarachnoid hemorrhage (SAH) group. In the control group, relaxation was elicited in rings without endothelium; conversely, the SAH group maintained arterial contraction (p < 0.05). Data shown are the mean + standard error of the mean for eight animals. cally significant difference in the e n d o t h e l i u m -d e p e nd e n t contractions was o b s e r v e d between specimens from the control a n d the S A H groups (Fig. 9 ). ing to the optimal length of the ring caused subsequent spontaneous contraction, whereas in rings without endothelium (lower trace) the tension continually declined. The tension required to reach optimal length by the passive stretching (tO and the peak tension of the contractile response (t2) were measured. The ratio t2/t~ was used to express the amplitude of the contractile responses (see Fig. 9 ). In tings without endothelium, where the contractile responses were not observed, t2 was measured as the tension at the same time point at which the peak contraction was obtained in the paired ring with endothelium. (Table 1) . However, there was no shift in the c o n c e n t r a t i o n -r esponse relationship, n o r was there a statistically significant difference i n EDs0 between the two groups. T h e m a x i m a l c o n t r a c t i o n generated in response to U T P was significantly smaller in the S A H group; the EDs0 was c o m p a r a b l e in the two groups (Table 1) .
Endothelium-Independent Contraction
thelium. T h e m a x i m a l c o n t r a c t i o n to p o t a s s i u m chloride was decreased by 50% in the S A H group
In quiescent arterial rings f r o m the control group,
Responses of the basilar arteries to hypoxia. In tings with endothelium (W), changing the gas mixture from 95% 02/5% CO2 to 95% N2/5% CO2 caused contractions, which were not observed in rings without endothelium (W/ O). The contractions were maintained in the subarachnoid hemorrhage (SAH) group. Data shown are the mean _ standard error of the mean for eight animals. * The maximal responses of KC1 and uridine triphosphate (UTP) expressed as the absolute value in grams were significantly smaller in the subarachnoid hemorrhage (SAH) group. However, no significant change in 50% effective dose (EDs0) was observed, reflecting that there was no shift in the concentration-response relationships between the two groups. Values shown are the mean + standard error of the mean for eight animals.
t Statistically significant difference (p < 0.05) between the two groups.
P. Kim, T. M. Sundt, Jr., and P. M. Vanhoutte groups. The response is expressed as a percentage of the maximal contraction to uridine triphosphate. In the control group, the contraction was followed by relaxation at higher concentrations; this was statistically significantly diminished in the SAH group (p < 0.025) at serotonin doses of 10 -2 and 10-4 M). Data shown are the mean + standard error of the mean for eight animals.
serotonin caused a biphasic response (Fig. 1 0) : at lower concentrations ( 10 -9 to 10 -6 M), concentration-dependent contractions were observed, which were reversed at higher doses (10 -6 to 10 -4 M). The EDso of the contractile response was comparable in the two groups ( Table  1 ). The relaxation elicited by a higher concentration of serotonin was significantly reduced in the SAH group (Fig. 10) .
Discussion
The present study demonstrates that there is a selective loss of endothelium-dependent relaxation and persistence of endothelium-dependent contraction in the course of experimental vasospasm after SAH. The loss of endothelium-dependent relaxation after SAH found in this study is in accordance with the findings of Nakagomi, et al., 2~ in the rabbit basilar artery and those of Peterson, et al., 25 in the canine basilar artery. Contrary to the endothelium-dependent relaxation in response to arginine vasopressin and thrombin, the endothelium-independent relaxation in response to sodium nitroprusside was only minimally affected by SAH and that in response to papaverine was not altered by SAH, indicating that the pathological process did not change the basic ability of the cerebral vascular smooth muscle to relax.
Hemoglobin is known to inhibit endothelium-dependent relaxation as well as that induced by nitrovasodilators. ~2"19 Acetylcholine, the calcium ionophore A23187, and other agonists such as thrombin, histamine, and adenosine triphosphate cause endotheliumdependent relaxation in most systemic arteries, and these responses are associated with the activation of the enzyme guanylate cyclase and an increase in the intracellular production of cyclic GMP. ~~ Relaxation caused by sodium nitroprusside and other nitrovasodilators is also associated with an increase in the cytoplasmic concentration of the cyclic nucleotide. Is Hemoglobin inhibits the increase in cyclic G M P caused by nitrovasodilators as well as by EDRF. ~2,19 Hemoglobin captures nitric oxide, which is the active intermediate of nitrovasodilators 7 and probably is an EDRF. 23 Cyanide and albumin, which react with hemoglobin, block its inhibitory effect on the increase in cyclic G M P and the relaxation induced by nitrovasodilators, as well as that induced by EDRF.'2 During vasospasm after SAH, hemoglobin is likely to be present in the cerebral arteries in the vicinity of the smooth muscle, since infiltration of blood components is observed in the adventitial layer 18 and disruption of the interendothelial junction also occurs. 29 However, it is difficult to attribute the loss of endothelium-dependent relaxation observed in the present study primarily to the presence of hemoglobin. This conclusion is prompted by the rather small changes observed in relaxation in response to sodium nitroprusside.
Morphologically, damage to the endothelial cells, including vacuolization and detachment and loss of tight junctions, is observed in the canine SAH model. 18.29,32 It is likely that damage of the endothelial cells results in diminished release of E D R F and thus contributes to the observed loss of endothelium-dependent relaxation.
The endothelium-dependent contraction was preserved in all the vasospastic arteries. The endotheliumdependent contraction in the canine basilar artery, except for the responses to hypoxia, is mediated by cyclo-oxygenase and blocked by indomethacin. ~4 ' 5,17 The persistence of the cyclo-oxygenase-mediated endothelium-dependent contraction, together with the loss of the endothelium-dependent relaxation, suggest that there is a functional degeneration of the endothelium. Alternatively, a decrease in responsiveness of the smooth muscle to EDRF may have occurred.
The maximal contraction to potassium chloride and UTP, which is endothelium-independent, was significantly reduced in the course of vasospasm. In rings without endothelium, adenosine diphosphate, arachidonic acid, and the calcium ionophore A23187, which caused relaxation in the control group, evoked contraction after SAH. These findings indicate that there is an alteration of the smooth muscle itself. Another observation that supports this view is that the relaxation to high concentrations of serotonin observed in the control group in rings without endothelium was abolished after SAH. It seems reasonable to assume that these changes in smooth muscle, which favor contraction rather than relaxation, may contribute to the pathogenesis of vasospasm.
A severe vasoconstriction of the basilar artery occurs immediately after a rupture of an arterial branch, or the cisternal injection of blood, 2"8 and the acute vasoconstriction of the cerebral arteries results in irreversible endothelial damage and denudation. 8'2~ On the other hand, various pathophysiological conditions causing insults to the endothelium (including hypertension and direct mechanical damage) result in increased turnover or replication of the endothelial cellsf TM Regenerating cells which replace the injured endothelium do not necessarily maintain the same characteristics as demonstrated by immunological cell surface markersS Following mechanical denudation, porcine arteries with regenerating endothelial cells exhibit reduced endothelium-dependent responses. 3~ If the progressive replacement with replicating endothelium, which is incapable of releasing EDRF, occurs in the course of chronic vasospasm, it may contribute to the delay in the occurrence of spasm. The relationship between the degree of angiographic spasm and the deterioration of endothelium-dependent relaxation in the SAH group of arteries showed a significant correlation. In the control group, no correlation was observed between the spontaneous variations in vessel diameter and endothelium-dependent relaxation. This agrees with the possibility that the loss of endothelium-mediated relaxation is an important causal factor in the development of vasospasm.
